I. INTRODUCTION
Acoustooptic tunable filter (AOTF) is an electronically tunable optical filter, using the principle of Bragg's diffraction of an entrance beam on the ultrasonic acoustic wave excited within a birefringent crystal. A variable radio frequency (RF) signal, typically below few watts, is applied to a piezoelectric transducer bonded to the crystal. The filter can be then randomly tuned to any desired wavelength within its spectral range. So-called wide-aperture AOTFs, the most applicable for spectrometry were demonstrated in the 1970-ies [1, 2] . The AOT filters are technologically mature (a similar technology has been well developed for mass production of beam deflectors), and compact AOTF-based spectrometers and cameras are widely used for astronomy, process control, medicine, research, etc. mostly in the near-IR and visible spectral ranges [3] [4] [5] [6] [7] . There is no moving part in an AOTF spectrometer, not counting a solid-state ultrasound actuator, so it can be built as a relatively simple, low mass, rugged, and durable device. The mostly used filter material, the paratellurite TeO 2 is suitable for a wide range of 0.4-5 µm and is immune to radiation. These qualities suggest their high potential in space-borne devices, and numerous developments towards the use of the AOTF technology in space were conducted. However, few devices have finally reached space. They were used as such, and for separation of orders in high-resolution échelle spectrometers. The imaging capability of AOTFs is often discussed as an important advantage, e.g. [8] , however for remote (not close-up) sensing the imaging has not been really implemented yet.
In the present paper we briefly review the space-borne AOTF spectrometers reported in the open literature, discuss advantages, limitations and perspectives of their implementation is space, with an emphasis on imaging capabilities of an AOTF and the échelle-AOTF combination.
II. THE AOTFS IN SPACE
The AOTF spectrometers flown in space published in an open literature are summarized in Table 1 . Many of them are pencil-beam devices, or are derivatives of the same functionality. The first -to our knowledgeinstrument was flown in 1986 on the first satellite of the Okean NHM (Ocean -for general purpose) series (also designated as Kosmos-1766). It operated in the visible range with two PMT detectors for two orthogonal polarisations. Data collected from near-polar ~650 km orbit during about one year of operation were used in marine research [9] . A very similar instrument was later flown on a new generation Okean-O satellite.
For an interplanetary mission the requirement of the low mass and volume often becomes a decisive factor. For the Mars Express mission by ESA SPICAM (Spectroscopy for the Investigation of the Characteristics of the Atmosphere of Mars) was out of the model payload of the Mars Express project. Only an extremely lightweight near-IR spectrometer for the range of 0.9-1.7 µm based on AOTF technology was accepted by ESA as the IR channel of SPICAM [10] [11] [12] . The Mars Express orbiter has started science operations in January 2004. Since then its suite of optical instruments is observing Mars from a 300×10,100 km elliptical orbit, mostly in the pericenter (nadir viewing), but also on the limb, and using solar occultation technique. The infrared channel of SPICAM, the first example of an AOTF in deep space remains fully operational after 12 years in the Mars orbit and delivers information about the planetary water cycle and the atmosphere. The next planetary mission by ESA, Venus Express orbited Venus in April 2006. The 24-h polar elliptical orbit ranged between 66,000 and 250 km above the surface with pericenter close to the North Pole (80°N). At this time the mission science payload has included already two AOTF devices. Spectroscopy for the Investigation of the Characteristics of the Atmosphere of Venus/ Solar Occultation in the InfraRed (SPICAV/SOIR) instrument [13] consists of three independent spectrometers, including an ultraviolet grating spectrometer with an intensified CCD (118-320 nm), near infrared acousto-optic (650-1700 nm, spectral resolution better than 1 nm) SPICAV IR, and infrared échelle-spectrometer with acousto-optic selection of diffraction orders SOIR for the spectral range of 2.2-4.3 µm (resolving power ~20,000). While the SPICAV IR is basically a derivative from SPICAM IR channel on Mars Express, a pencil-beam AOTF spectrometer modified to adapt for Venus nightside observations [14] , SOIR represents the first space implementation of a new spectrometer type. The principle of the acousto-optic selection of diffraction or interferential orders is obvious. When the number of orders is large, like in Fabry-Perot interferometer, Michelson echelon, or the échelle-spectrometer, the random access and the fine tuning of an AOTF allows to pick any of the desired orders for further analysis, achieving the desired high spectral resolution in a relatively simple scheme ( Fig. 1 ). The bandwidth of the AOTF can be matched to the free spectral range of the échelle spectrometer to achieve a nearly continuous spectral coverage. Comparing to, e.g., cross-dispersion scheme this implementation of order-sorting allows for much reduced volume, and therefore the overall mass and complexity of the instrument. The combination échelle-AOTF has been first demonstrated for an analytical application [15] , and soon proposed as a perspective tool in atmospheric and planetary space studies [16, 17] . SOIR built in Belgium for Venus Express [18] has become the first space instrument of that type. SOIR, operating since 2006 exclusively in solar occultations allowed to obtain vertical profiles of minor constituents in the Venusian atmosphere, and important isotope ratios. In the following, a pilot experiment RUSALKA (Russian acronym for handheld Spectral AnaLyser for Constituents of Atmosphere, also stands for the mermaid) to demonstrate the possibility to measure the greenhouse gases in the terrestrial atmosphere using a SOIR-type instrument in the spectral range 0.7-1.7 µm was realized on ISS [19] . Different cosmonaut crews operated RUSALKA from 2009 through 2012. The atmosphere was observed from the pressurized compartment of ISS through illuminators. Also, a simplified version of SOIR aimed to study the minor constituents of the Martian atmosphere was developed and launched on board unsuccessful Phobos Grunt Russian mission (2011) [20] . Recently three échelle-AOTF instruments have been launched onboard ExoMars Trace Gas Orbiter. Two main channels of NOMAD (Nadir and Occultation for Mars Discovery) instrument are close derivatives of SOIR/Venus Express [21] . The near-IR channel of Atmospheric Chemistry Suite (ACS) is an improved version of RUSALKA [22] . These instruments were already operated in space.
For the future, the ALTUIS (Atmospheric Limb Tracker for the Investigation of the Upcoming Stratosphere) instrument is in development for studies of the terrestrial atmosphere. This Belgian project is intended for a microsatellite to study the ozone and other constituents profile at the limb using imaging AOTF channels in the visible and near IR ranges [23, 24] .
Many spectrometers were and are being developed for mineralogy analysis at the surface of other planets. AOTF-based spectrometers for aerospace applications were developed in JPL [25] , in France during the early phase of the project which has then became Rosetta, in GSFC [26, 27] . AOTFs are generally prone to temperature below -80°C, and the temperature operation/storage range may be critical in the harsh environment on the surface of another planet [28] . Because of that a microscope-spectrometer ÇIVA for Rosetta mission has been finally developed using a traditional grating monochromator. Some progress was achieved during preparation of a microscope-spectrometer with monochromatic illumination of a sample using the AOTF for Phobos Grunt mission [29, 30] . A similar MicrOmega instrument is en route to asteroid launched in December 2014 on board Hayabusa-2 JAXA mission [31] . It is also a part of the analytical laboratory of the ExoMars 2020 rover mission [32] . AOTF spectrometers for surface characterization were developed in China; one of them successfully flown on Chang'e-3 lunar mission [33, 34] . Similar pencil-beam AOTF spectrometers are being developed for Russian lunar landers, and to be installed at the ExoMars 2020 rover mast [35] . Finally, an AOTF point spectrometer is being developed as a channel of SuperCam instrument for NASA Mars 2020 Rover [36] . Concluding, most of the AOTF spectrometers flown in space (see Table 1 ) are pencil-beam devices, or are derivatives of the same functionality. Nadir, limb, SO Nadir, SO SO Order-sorting in échelle-spectrometer [21, 22] III. IMAGING AOTFS Even if not designated as "imaging," any wide-aperture AOTF conserves the image and in some designs mentioned above is used to form a field of view, or, with an imaging detector, to resolve 1-D or 2-D patterns. As discussed above the idea of using AOTF spectrometer for remote sensing from orbit is very attractive. It was advocated in the literature and a number a prototypes is developed, however, with few exceptions, the AOTFbased imaging spectrometers have not been flown so far. There are three basic reasons for that.
Let us consider a reference push-broom spectrometer recording a swath of n elements and resolving, for simplicity, n spectral bins, and compare it to a frame n×n AOTF spectrometer, also with n spectral bins. The considerations below could be easily generalized for different raster and spectral dimensions. Let us assume also that the exposure time t matches to the smear so that the surface resolution along the spacecraft velocity is the same as in perpendicular direction. At each moment the push-broom device records a stripe perpendicular to the velocity vector, and each point corresponds to a spectrum, giving in all n 2 counts. The next exposure forms the second line of the spectro-image, etc. In turn the AOTF device records a frame (n 2 ), followed by a shifted frame in the next spectral bin, and so on. When the spacecraft moves continuously along the orbit the two spectrometers collect equivalent amount of information per second. However, with the AOTF sequential spectral record each spectral bin corresponds to different footprint, and the conventional data analysis pipeline should be seriously rearranged, and becomes non-trivial if some conditions, the phase angle for instance, is changing. Furthermore, the frame acquisition results in edge effects: The first and the last n frames of an orbit are incomplete. In a real observation, with clouds, each interruption or transition costs n 3 to 2 n 3 in data volume and nt to 2nt in observation time, and is not negligible.
The second problem is related to spatial resolution of the AOTF. It is diffraction-limited and determined by the size of a crystal and its acceptance angle. In practical terms it is limited to 500, at most 1000 lines that is far below the modern requirements on swath/ground resolution.
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The third and the most important problem is the sensitivity of the AOTF instruments. The effectiveness of an AOTF, typically 60-80% in maximum, is well compatible with that of a grating. However the AOTF conserves only one polarization, therefore the loss is twofold. A number of hints to recover and recombine the both polarizations is reported, e.g., [39] , but none seems compatible with a real remote sensing imager. Also, because of the crystal size/acceptance angle limitation, the AOTF spectrometers have limited étendue, generally below f:3.5-f:4. Compared to grating or prism devices, which could be as open as f:1-f:1.5 or even better, they therefore suffer a factor of ~10 in quantum efficiency. To compensate for the overall factor of ~20 by an increase of exposure time is unrealistic and this latter problem becomes prohibitive for applications where the quantum efficiency is essential.
The above factors make the traditional "push-broom" design preferable for a spectral imaging from the orbit. The imaging AOTF remains suitable for more specific niches when the mass and complexity issues are decisive. One obvious application is observation of a static or slow moving scene, e.g., from a synchronized orbit, planetary lander or rover. Indeed the only imaging AOTF flown to date is the visible channel of the Chinese VNIS instrument operated on Yutu rover [34] . In this case the frame imaging becomes an advantage (no scanning needed), and the depleted sensitivity could be compensated by longer exposure time. Another possibility is to make use of the AOTF random tuning and to observe the scene using only selected wavelengths of interest. More specific cases of observation geometry are possible, like with the ALTIUS imagers observing the atmosphere at the limb in a limited angular range. Below we consider the case of imaging using the echelle-AOTF spectrometer.
IV. AN IMAGING ECHELLE-AOTF SPECTROMETER
The near-Infrared echelle-AOTF spectrometer is one channel of the Atmospheric Chemistry Suite (ACS) package dedicated for the studies of the Martian atmosphere on board ExoMars Trace Gas Orbiter launched in 2016 [20] . The near-infrared (NIR) channel of ACS is a versatile spectrometer for the spectral range of 0.7-1.6 µm with a resolving power of >20,000. A simplified optical scheme of the NIR channel is presented in Fig. 2 . To enhance the sensitivity for lower signal nadir observations we use a high slit in combination with 640×512 array detector allowing to capture the flux of the dispersed light along the full dimension of the slit. Although imaging capabilities along the slit initially were not considered for ACS NIR, its design may be suggested as groundwork for the imaging AOTF-echelle spectrometers. The custom-developed AOTF is operating in the 0.7-1.6 µm spectral range with 70 cm -1 spectral response function and F/6 aperture (9.6 degrees). In contrast to previously implemented design solutions, the acoustooptic filter is placed in a converging beam and close to the slit. The central light beam is propagating at an angle of 36° to the main optical axis [001] of the acousto-optic crystal TeO 2 . This large angle allows to increase the AOTF aperture, while requiring to use higher RF range. With the slit being close to the AOTF the linear aperture of the filter is oblong and composes approximately 2×6 mm. That allowed to narrow the acoustic field inside the crystal and to implement the piezoelectric transducer of only 2 mm wide. This in turn allows for reducing the RF power: the light diffraction efficiency reaches 70% already with 2 Watts of the overall AOTF consumption. The foreoptics (2 in Fig. 2 ) is designed with respect to the dispersion properties of the AOTF crystal. Two entry doublets (not distinguishable in Fig. 2 ) ensure high transparency of the system and uniform slit illumination. The entrance telescope has a focal length of 120 mm and the 4 mm×40 µm slit is forming the instrument FOV of approximately 2°×0.02° (35×0.35 mrad) . The foreoptics and the AOTF conserve the image of the observed scene on the slit with good spatial resolution. Energy concentration within 20×20 µm 2 pitch is above 0.85.
The echelle-spectrometer employs the Littrow auto-collimation scheme, in which an off-axis parabolic mirror plays the role of the collimating and the imaging elements. Spectral resolution is limited by the slit width and aberrations of the off-axis parabolic collimator. The spectral resolving power is defined by the spread function width and variable over the detector [20] , but remains always ≥ 20,000. The spread function width changes very slightly along the slit, and this determines almost constant spatial resolution for each wavelength. The pixel pitch is 20×20 µm 2 and in the central part of the detector, where AOTF spectral response function is in maximum, the image is conserved with a resolution better than 1 pixel. Although to the edges of the detector aberrations worsen both, the picture and the spectra. Within a diffraction order the quality of the image degrades up to a factor of two towards the edges of the detector (Fig. 3) .
The spatial resolution of the instrument was tested during adjustments and tests of the ACS NIR flight model. A millimeter-scale illuminated pattern was imaged from the distance of 5 meters. An element of 1 mm projected trough the AOTF onto the spectrometer's slit then forms a 1-pixel image in the center of the detector. From the ExoMars-2016 TGO 400-km circular orbit an instantaneous ground resolution in nadir will be 80 meters, and at the limb in occultation -about 300 meters. This gives an opportunity to use the spatial resolution for observing local atmospheric phenomena. V. COLCLUSIONS Spectrometers employing acousto-optic tuneable filters (AOTFs) rapidly gain popularity in space, and in particular on interplanetary missions. They allow for reducing volume, mass and complexity of the instrumentation. There are however serious issues with implementing imaging AOTFs for remote sensing. They are related to sequential spectral scanning, and to limited étendue of the acousto-optic devices. Nevertheless the imaging capabilities of the filters can be successfully realized in specific applications, such as analysis of static and brightly illuminated scenes, as well as in specific narrow-angle applications. The imaging capabilities of one of such applications, the échelle-AOTF spectrometer are discussed. The current design allows to resolve up to 200 elements within the 2° FOV (along the slit). This feature can be used for planning future applications for spectrometers with similar design.
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